1.. Introduction {#s1}
================

Protein degradation is an important post-transcriptional regulatory process that allows cells to respond rapidly to intracellular signals and changing environmental conditions by adjusting the levels of key proteins. One major proteolytic pathway in eukaryotes involves the Ubiquitin/26S Proteasome System (UPS) that utilizes the post-translational modification of proteins by ubiquitin. The UPS involves the enzymatic activities required for the polyubiquitylation of target proteins, and then for the proteolysis of these tagged proteins by the proteasome. This polyubiquitylation is achieved by the sequential actions of three enzymes: an E1 ubiquitin-activating enzyme, an E2 ubiquitin-conjugating enzyme and an E3 ubiquitin ligase. E1 activates and links free ubiquitins that will be transferred to one of the E2 enzymes, whereas E3 ligase enzymes promote ubiquitylation by mediating a specific interaction between E2 enzymes and the target protein.^[@DSS034C1]--[@DSS034C4]^

The specificity of the ubiquitination process is ensured by the E3 ubiquitin ligases encoded by a large multigene family. A survey of sequenced plant genomes showed that they contain more than 1000 E3 ubiquitin ligases. For example, the annotated *Arabidopsis thaliana*, rice and soybean genomes contain 1415, 1332 and 1402 E3 ligase-encoding genes, respectively.^[@DSS034C5],[@DSS034C6]^ E3s comprise a diverse family of proteins or protein complexes that can be distinguished in terms of their mechanisms of action and types of interactions. They act either as single subunits, such as homology to E6-AP C terminus, really interesting new gene and U-box or multisubunit complexes such as SkP1 S-phase Kinase-associated Protein 1--CulL1 (Cullin 1)--F-box (SCF), Cullin3-Bric a brac-Tramtrack-Broad, Cullin 4-DNA damage-binding 1 and anaphase-promoting complex/cyclosome.^[@DSS034C3],[@DSS034C5]^

SCF complexes are a major type of E3 ubiquitin ligase consisting of two constant subunits (ROC1 or Rbx1 and Cullin-1), a moderately variable subunit (SKP1) and a highly variable substrate recognition subunit known as F-box protein.^[@DSS034C7],[@DSS034C8]^ F-box proteins contain a conserved F-box domain (40--50 amino acids) at the N-terminus, which interacts with Skp1 proteins. They have highly variable protein--protein interaction domains at the C-terminus, which confer substrate specificity for ubiquitination.^[@DSS034C7],[@DSS034C9]^ Beside the canonical SCF, it appears that in some cases, Skp1 and F-box proteins may function in non-SCF complexes and that some F-box proteins have functions of their own.^[@DSS034C10]^ F-box proteins are represented by large families in different organisms. There are 11 F-box protein-encoding genes in budding yeast, 68 in humans, 74 in *Caenorhabditis elegans*, 337 in poplar, 539 in medicago, 692 in *Arabidopsis* and 779 in rice.^[@DSS034C11],[@DSS034C12]^ Different research groups have classified *Arabidopsis* and rice F-box proteins in several subfamilies or subgroups based on their phylogenetic relationships or unique functional domains.^[@DSS034C7],[@DSS034C9],[@DSS034C13]^ Whereas humans and yeasts have a single *SKP1* gene, many animal and plant species possess multiple *SKP1* homologues^[@DSS034C14]^, for example, 7 in *Drosophila*, 21 in *C. elegans* denoted *Skr*, 21 in *C. elegans* and 21 in *Arabidopsis* denoted ASK and 32 in rice denoted OSK.^[@DSS034C3],[@DSS034C15]--[@DSS034C17]^ Based on the finding that the *C. elegans* genome contains 21 *SKP1*-*related* genes,^[@DSS034C15],[@DSS034C16]^ these authors questioned whether all these genes could interact with other components in the SCF complex (i.e. Cullin1 and F-box proteins). Both studies used the Y2H system to demonstrate that Skr proteins displayed varied patterns of interaction with Cullins and F-box proteins. While Skr1 (which is thought to have a function similar to that of the human SKP1) interacted with most of the F-box tested, and the remaining Skr displayed differing interaction capabilities.^[@DSS034C16]^ In addition, both studies showed that the 21 *C. elegans* Skrs displayed various expression profiles and tissue-specific patterns and different RNAi phenotypes, indicating their involvement in a variety of pathways.^[@DSS034C15],[@DSS034C16]^ Subsequently, several exhaustive yeast two-hybrid screens were used to analyse the *Arabidopsis* SKP1-like family (ASKs). It was demonstrated that the 21 *Arabidopsis* ASK proteins displayed substantial differences in their abilities to interact with different F-box proteins and that ASK1, ASK2, ASK11 and ASK12 could interact with COI1, FKF1, UFO and other F-box proteins.^[@DSS034C18]^ The ASK1 and ASK2 genes seem to be the most important SKP1 homologues in *A. thaliana*; both of them are expressed widely and at high levels.^[@DSS034C8],[@DSS034C14],[@DSS034C18]^

During a phylogenetic study, Kong et al. analysed the evolution of *SKP1-like* genes in a wide range of plant species, but with particular emphasis on *Arabidopsis* and rice and suggested that all the *SKP1* genes found in these species derived from a single ancestral gene represented by *ASK1* in *Arabidopsis* and *OSK1* in rice, and that these genes could have similar functions.^[@DSS034C14]^

Despite the importance of the SCF complex, there have been few reports of systematic surveys of interactions between the dozens of SKP1-like proteins and the hundreds of F-box proteins. The objective of the present study was, therefore, to uncover the various capabilities of SKP1-like proteins to interact with F-box proteins in rice. Nine F-box proteins representative of the most frequent domains containing F-box proteins, and the whole set of SKP1-like proteins (OSK), were studied. In total, 540 binary interactions were tested using the yeast two-hybrid approach. We showed that the 30 rice SKP1-like proteins displayed various interaction patterns with the tested F-box proteins and that OSK1 and OSK20 exhibited the most frequent interaction capabilities. Our results also suggest that rice OSK1 and OSK20 might be functionally equivalent to ASK1 and ASK2 in *Arabidopsis*.

2.. Methods {#s2}
===========

2.1.. Data retrieval {#s2a}
--------------------

Kong et al.^[@DSS034C17]^ evoked the presence of 32 *SKP1-like* genes in the rice genome, but described only 28 genes in their phylogenetic study. We followed the same nomenclature during our study, although we added three *OSK* genes (*OSK8*, *OSK24* and *OSK31)* and replaced Kong\'s *OSK14* with a more accurate accession. For details, see [Supplementary Table S1](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dss034/-/DC1). In addition, *OSK18*, which contains an internal retrotransposon, was excluded from subsequent studies. Thus, a total of 30 *OSK* genes were retained for further analyses. Nine F-box proteins belonging to F-box families in the rice genome were selected from the inventory compiled by Jain et al.^[@DSS034C7]^ The Rice Genome Annotation Project \[RICECHIP.ORG: Support for Annotation & Functional Analysis of the *Oryza sativa* (Rice) Genome (<http://www.ricechip.org/>)\] was used to identify the number of Expressed Sequence Tags (EST) for *OSK* and F-box genes in various rice tissues (July 2011).

The PLAZA platform (<http://bioinformatics.psb.ugent.be/plaza/>, version 2.5) was queried to retrieve *SKP1*-*like* genes from the sequenced genomes of 11 eudicot, 5monocot and 1 moss species. All retrieved sequences were checked manually for consistency and for the presence of *SKP1* signatures, using the InterProScan program.^[@DSS034C19]^

2.2.. Structural analysis of the SKP1 family {#s2b}
--------------------------------------------

Multiple protein sequence alignments were generated using the Muscle software^[@DSS034C20]^ implemented under MEGA5.^[@DSS034C21]^ The maximum likelihood method was used, and phylogeny was tested with a bootstrap of 500 (Poisson\'s correction model) to construct a phylogenetic tree with MEGA5.^[@DSS034C21]^ The entire set of 288 SKP1-like proteins from the moss, monocot and eudicot species retrieved from Plaza (<http://bioinformatics.psb.ugent.be/plaza/>) were checked for the presence and positions of introns within the gene. The conservation of intron position was used as a criterion to identify putative ancestral *SKP1-like* genes, as suggested by Kong et al.^[@DSS034C17]^ In this study, an intron was considered to be conserved, if it occurred between two aligning bases in the alignment of the coding sequences.^[@DSS034C22]^

2.3.. Meta-analysis of the expression of rice SKP1-like genes {#s2c}
-------------------------------------------------------------

The Affymetrix probe sets corresponding to rice *SKP1-like* genes were retrieved from the Affymetrix website (<http://www.affymetrix.com>). Probe sets that recognized multiple genes were excluded from the analysis. Organ distribution (anatomy analysis) of the expression of rice *SKP1* genes was determined using Genevistegator (https://[www.genevestigator.com/gv/](www.genevestigator.com/gv/)).^[@DSS034C23]^ Hierarchical clustering analyses were performed using Robust Multi-array Average (RMA)-normalized data corresponding to 871 publicly available experiments (<http://bioinf.mind.meiji.ac.jp/Rice_network_public>).^[@DSS034C24]^ The data corresponding to *SKP1 genes* were extracted ([Supplementary Table S2](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dss034/-/DC1)) and analysed using the MeV 4_5\_1 software (<http://www.tm4.org/mev/>). The *SKP1* genes were then clustered according to their expression profile using the Euclidean distance and complete linkage methods.

2.4.. Total RNA extraction and isolation of OSKs and F-box cDNAs {#s2d}
----------------------------------------------------------------

Total RNA was isolated from 3-week-old leaf rice (*O. sativa* L. var. Nipponbare) following the method described by Bogorad et al.,^[@DSS034C25]^ with slight adjustments for small samples(0.5 g). The RNA was then treated with DNaseI (Invitrogen). The SuperScript II reverse transcriptase and oligo-dT primer (Invitrogen) were used to synthesize the first strand cDNA. The forward and reverse primer pairs used to amplify the 13 OSK cDNAs are shown in [Supplementary Table S3](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dss034/-/DC1), as are the primer pairs used to amplify the 5 F-box cDNAs. Then, 1% agarose gel and the GFX Purification Kit (Amersham) were used to separate and purify the PCR products. Because we failed to amplify and then clone all the SKP1 and F-box coding sequences from the tissues available, 17 OSK and 4 F-box cDNA were chemically synthesized by Proteogenix (France). Both the synthesized and amplified cDNAs were then cloned and treated alike.

2.5.. cDNA cloning {#s2e}
------------------

pENTR™/D-TOPO® cloning kits (Invitrogen) were used to clone the inserts. Under this system, PCR products are cloned directionally by adding four bases to the forward primer (CACC). Entry clones flanked with *att*L1 and *att*L2 sites necessary for recombination into the destination vectors are then obtained. All constructs were checked by sequencing, and a total of 30 OSK genes and 9 F-box genes were cloned and sequenced.

2.6.. Binary yeast two-hybrid analysis {#s2f}
--------------------------------------

### 2.6.1.. Plasmid constructs {#s2f1}

Gateway Cloning Technology (Invitrogen, Carlsbad, CA, USA) was used to produce hybrid proteins. The yeast expression vectors pDEST™32 and pDEST™22 were used to generate GAL 4 DNA-binding domain and GAL4 DNA activation domain fusion proteins. The LR reaction (Gateway Technology, Invitrogen) was performed to clone 30 OSK and 9 F-box in both directions into the destination vectors.

### 2.6.2.. Yeast strain {#s2f2}

The MaV203 *Saccharomyces cerevisiae* strain (ProQuest™ Two-hybrid System, Invitrogen) contains deletions in its endogenous GAL4 and GAL80 genes for use with GAL4-based two-hybrid systems. This strain also has leu2 and trp1 mutations for the selection of ProQuest™ bait and prey vectors. MaV203 contains three GAL4 inducible reporter genes, providing four phenotypes, to enable the easier identification of true interactors.

### 2.6.3.. Yeast two-hybrid screening and assays {#s2f3}

Bait and prey vectors were transformed together in the MaV203 yeast strain using the ProQuest™ Two-hybrid System (Invitrogen), according to the manufacturer\'s manual. Each co-transformation was plated onto a nutritionally selective plate that was deficient in tryptophan and leucine (Sc-Leu-Trp), to test for positive transformation. X-gal assays based on induction of the lacZ reporter gene were used to verify the interactions between fusion proteins. Constructs that gave a positive interaction were checked for self-activation according to the manufacturer\'s instructions (Invitrogen). The yeast cells were co-transformed with a bait or prey plasmid and an empty plasmid. Self-activation tests were performed using the HIS3 reporter gene encoding an enzyme involved in histidine biosynthesis. This enzyme can be inhibited by a competitive inhibitor, 3-aminotriazole (3AT). The addition of 3AT at concentrations of 10, 25, 50 or 100 mM in a histidine-free culture medium increases the stringency of this test. The empty vectors and pEXP32/Krev1 and pEXP22/RalGDS-m2 vectors were used as negative controls, whereas yeast strains which were co-transformed with the pEXP32/krev1 and pEXP22/RalGDS-wt vectors were used as positive controls (Invitrogen).

2.7.. Protein extraction and immunoblotting {#s2g}
-------------------------------------------

To check for the actual production of fusion proteins, total yeast proteins were extracted according to the method described by Printen and Sprague^[@DSS034C26]^ and separated by electrophoresis with the Mini-PROTEAN TGX (Tris-Glycine eXtended, BIO-RAD) on either precast 10% gels or 8% SDS-polyacrylamide gels. Protein samples were blotted onto a nitrocellulose membrane (Amersham Hybond™ ECL™, GE Healthcare Life Sciences) using a liquid transfer system (Criterion™ Blotter, BIO-RAD) in a transfer buffer (25 mM Tris, 192 mM glycine, 20% v/v methanol, pH 8.3). The fusion protein blots were probed with primary anti-GAL4-BD mouse monoclonal antibody (sc-510, Santa Cruz Biotech, Santa Cruz, CA, USA) and secondary goat anti-mouse IgG-HRP antibody (sc-2005, Santa Cruz Biotech, CA, USA) at dilutions of 1/500 and 1/10 000, respectively and visualized using chemiluminescence as instructed by the manufacturer (ECL, Amersham, Pharmacia). Each immunoblot assay was repeated at least twice.

3.. Results {#s3}
===========

3.1.. Structural analysis of rice OSK genes and other plant SKP1-like genes: SKP1-like gene intron identification {#s3a}
-----------------------------------------------------------------------------------------------------------------

PLAZA (<http://bioinformatics.psb.ugent.be/plaza/>) was used to help in identifying the presence and position of introns within each *OSK* gene. In a first step, the rice *OSK* genes were placed in three different classes according to Kong et al.^[@DSS034C17]^: type Ia corresponding to *OSK* genes containing one intron, type Ib corresponding to intronless OSK genes and type II corresponding to *OSK* genes containing more than one intron. Details of the structure and a description of the rice *OSK* genes are given in [Supplementary Table S1](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dss034/-/DC1). In a second step, we retrieved and analysed 288 *SKP1-like* genes belonging to 17 species including the moss *Physcomitrella patens*, 5 monocots (*Brachypodium distachyon*, *O. sativa* ssp. Japonica, *O. sativa* ssp. Indica, *Sorghum bicolor* and *Zea mays*) and 11 eudicots (*Arabidopsis lyrata*, *A. thaliana*, *Carica papaya*, *Fragaria vesca*, *Glycine max*, *Lotus japonicus*, *Manihot esculenta*, *Medicago truncatula*, *Populus trichocarpa*, *Ricinus communis* and *Vitis vinifera*) ([Supplementary Table S4](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dss034/-/DC1)). Genes belonging to the three classes (type Ia, type Ib and type II according to Kong et al.^[@DSS034C17]^) were found in each species. However, careful examination of nucleotide and protein alignments revealed that *SKP1-like* genes containing a single intron could be split into two subclasses. In the first subclass, the intron was in a conserved position, i.e. occurring between two aligning bases in the alignment of the coding sequences (Fig. [1](#DSS034F1){ref-type="fig"}).^[@DSS034C22]^ In addition, whereas the first exon and the single intron were variable in length, the second exon was constant and was 174 bp (or 58 amino acid) long (Fig. [1](#DSS034F1){ref-type="fig"}). The second subclass of plant *SKP1-like* genes with a single intron contained *SKP1* genes, where both the intron and the two exons were of variable length. A survey of the whole set of plant and moss *SKP1-like* genes indicated that each species contained at least one gene with a conserved single intron (*A. lyrata*, *F. vesca* and *L. japonicus*). However, the majority of plant species contained two or three genes with a single conserved intron. When the different classes of *SKP1-like* genes were considered, it was clear that the majority of plant *SKP1-like* genes were intronless and represented 50% of the entire set (144 out of 288). The results of this survey are summarized in [Supplementary Table S5](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dss034/-/DC1). Phylogenetical analysis of the 40 plant *SKP1-like* genes with a conserved single intron indicated that these genes formed 3 main clusters corresponding to the moss, monocot and eudicot groups (Fig. [2](#DSS034F2){ref-type="fig"}). The grouping, thus, observed was mainly determined by the first exon, which was more variable between species than the second exon (Fig. [1](#DSS034F1){ref-type="fig"}). Interestingly, *SKP1-like* genes originating from the same species generally clustered. However, some genes originating from different species also clustered together, indicating possible orthology relationships. For example, in the monocots, SB05G012740 and SB02G031280 from sorghum clustered, respectively, with ZM04G05180 and ZM07G31190 from maize while RC28962G00160 and RC30170G05850 from *Ricinus* clustered, respectively, with ME07520G02920 and ME02943G00470 in *M. esculenta*. Figure 1.Multiple alignment of exons in plant *SKP1-like* genes generated with weblogo 3.2 (<http://weblogo.threeplusone.com/manual.html>). The sequence logo was derived from the alignment of 40 exons in plant *SKP1-like* gene with a conserved single intron, showing the high conservation of exons 2. The vertical axis shows the data content in bits. The overall height of the stack indicates sequence conservation at that position, whereas the height of the nucleotide within a stack indicates its relative frequency at that position. The eight helixes (H1 through H8) identified in human SKP1 are indicated by bars. Figure 2.Molecular phylogenetic analysis using the maximum likelihood method. A phylogenetic analysis of 40 plant *SKP1-like* genes with a conserved single intron indicated that these genes form 3 main clusters corresponding to moss, monocot and eudicot groups. Their evolutionary history was inferred using the maximum likelihood method based on the Poisson correction model. The tree with the highest log likelihood (−3400.1299) is shown. This tree is drawn to scale, with branch lengths measured in the number of substitutions per site. This analysis involved 32 amino acid sequences. There were a total of 213 positions in the final dataset. Evolutionary analyses were conducted under MEGA5.^[@DSS034C20]^

3.2.. Expression profiles of the rice Skp1-like genes {#s3b}
-----------------------------------------------------

Gene expression profiles can provide indications concerning gene functions. We looked for evidence of the expression of all *OSK* genes in the EST databases and found that EST sequences were available for 12 out of the 31 *OSK* genes. The number of EST also varied significantly in various tissues/organs, indicating the differential expression of *OSK* genes ([Supplementary Table S6](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dss034/-/DC1)). Within the set of expressed OSK genes, OSK1 was the most strongly expressed and was represented by 43.6% of ESTs, whereas OSK20, OSK8, OSK22 and OSK28 were represented by 16, 12.7, 9 and 7% of ESTs, respectively. The cumulative percentage of these genes accounted for about 88.3% of all the ESTs detected ([Supplementary Table S6](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dss034/-/DC1)).

In addition to this EST-based analysis of expression, we surveyed the expression profiles of OSK genes during various developmental stages using the Genevestigator platform (<https://www.genevestigator.com/gv/>).^[@DSS034C24]^ The microarray data from 1475 arrays reflecting different developmental stages throughout the life cycle of rice were analysed. *OSK* genes displayed varied expression patterns with some *OSK* genes being strongly and widely expressed such as *OSK1*, *OSK8*, *OSK11*, *OSK20* and *OSK23*. However, the majority of *OSK* genes are expressed in inflorescence parts of the plants (Fig. [3](#DSS034F3){ref-type="fig"}). Figure 3.Meta-analysis of the expression of rice *SKP1-like* genes**.** (A) Anatomical analysis of *OSK* gene expression using the Genevistegator platform (https://[www.genevestigator.com/gv/](www.genevestigator.com/gv/)). For a given gene and developmental stage, the level of expression is shown as a percentage of the maximum among all the microarray results found for this gene. The *OSK* genes display various patterns of expression. Most *OSK* genes are expressed in the inflorescence parts. (B) Expression profile of *OSK* genes*.* The colour scale (representing log signal values) is shown on the *y*-axis and the cluster tree at the top of the *x*-axis. The differential expression of 20 *OSK* genes is grouped into 3 different clusters (cluster 1: widely and strongly expressed genes, cluster 2: moderately expressed genes and cluster 3: weakly expressed genes) using Euclidean distance and the complete linkage method.

In addition, RMA-normalized data from 871 microarrays were retrieved^[@DSS034C27],[@DSS034C28]^ and the Affymetrix probe sets corresponding to *OSK* genes enabled the identification of 20 non-ambiguous Probe set OSK pairs. The hierarchical clustering of 20 OSK genes based on their average log2 signal values in the 871 experiments revealed 3 different clusters. One cluster contained widely and strongly expressed genes including *OSK1*, *OSK8*, *OSK20* and *OSK24*, a second cluster contained moderately expressed genes and the third cluster contained weakly expressed genes (Fig. [3](#DSS034F3){ref-type="fig"}; [Supplementary Table S2](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dss034/-/DC1)). Overall, the expression data indicated that *OSK1* is the most widely and strongly expressed rice SKP1 gene.

3.3.. Yeast two-hybrid interaction between OSKs, F-box proteins and western blots {#s3c}
---------------------------------------------------------------------------------

An experiment was designed to test interactions between 30 rice OSK and 9 F-box proteins. For each OSK-F-box pair, the interaction was tested in both directions, resulting in a total of 540 binary interactions.

Prior to the actual interaction tests, each protein was examined individually for transactivation (activation of reporter gene transcription), and we observed transactivation for OSK4, OSK7, OSK12, OSK15 and OSK31 in yeast when fused to the Gal4 BD domain (i.e. the pDEST™32 expression vector). No transactivation was seen with these proteins when they were fused to the AD domain (i.e. the pDEST™22 expression vector).

Of the 30 OSK proteins examined, 8 were shown to interact with at least 1 F-box protein in yeast (Table [1](#DSS034TB1){ref-type="table"}). Some OSK proteins interacted preferentially with certain subfamilies of F-box proteins. For example, OSK4, OSK12 and OSK16 interacted with an F-box protein (02g0260200) belonging to the FBX subfamily, but did not interact with members of the other groups (Fig. [4](#DSS034F4){ref-type="fig"}). In the case of OSK5, OSK6, OSK9 and OSK30, the expression was very low and below the detectable level by protein blotting and hence it was indicated as 'not determined' for combinations involving these proteins (Table [1](#DSS034TB1){ref-type="table"}). On the other hand, the same F-box protein (02g0260200) interacted with other members of the OSK family such as OSK1, OSK15 and OSK20. It appears, therefore, that the majority of interactions were observed with the FBX group (Fig. [4](#DSS034F4){ref-type="fig"}). In contrast, the FBL2 (Os05g0425700) F-box member interacted with only two OSK proteins: OSK1 and OSK20. On the other hand, OSK1 and OSK20 were found to interact with all the F-box proteins tested and belonging to three different subfamilies: FBX, FBL and FBK (Fig. [4](#DSS034F4){ref-type="fig"}). In addition, the F-box protein Gibberellin-insensitive dwarf2 (GID2) , which is essential for GA-mediated DELLA protein degradation, interacted with OSK1, OSK13, OSK20 and OSK25 (Table [1](#DSS034TB1){ref-type="table"}; Fig. [4](#DSS034F4){ref-type="fig"}). Table 1.Yeast two-hybrid interaction between 30 OSK proteins and 9 F-box proteinsOSK proteinsF-box proteinsGID2FBAFBXFBL2FBL1FBKFBDFBTFBDUFAccessionNameAB100246Os09g0479100Os02g0260200Os05g0425700AAV32196Os07g47650Os08g35960Os01g48370Os01g08830Os11g26910OSK1**+**−++−+−−−Os10g30200OSK2−−−−−−−−−Os02g13180OSK3−−−−−−−−−Os09g10200OSK4−−**+**−−−−−−Os09g10260OSK5NDNDNDNDNDNDNDNDNDOs07g05180OSK6NDNDNDNDNDNDNDNDNDOs09g10300OSK7−−−−−−−−−Os11g48030OSK8−−−−−−−−−Os07g05150OSK9NDNDNDNDNDNDNDNDNDOs06g02360OSK10−−−−−−−−−Os06g02350OSK11−−−−−−−−−Os09g10270OSK12−−**+**−−−−−−Os09g10230OSK13**+**−+−−−−−−Os02g01160OSK14−−−−−−−−−Os08g28820OSK15−−**+**−−−−−−Os07g05160OSK16−−+−−**+**−−−Os07g43180OSK17−−−−−−−−−Os07g43260OSK19−−−−−−−−−Os09g36830OSK20+−++−+−−−Os07g22680OSK21−−−−−−−−−Os07g43250OSK22−−−−−−−−−Os07g43270OSK23−−−−−−−−−Os12g40300OSK24−−−−−−−−−Os08g28800OSK25**+**−+−−−−−−Os07g43220OSK26−−−−−−−−−Os07g43230OSK27−−−−−−−−−Os07g43240OSK28−−−−−−−−−Os08g28780OSK29−−−−−−−−−Os09g10020OSK30NDNDNDNDNDNDNDNDNDOs03g01660OSK31−−−−−−−−−[^1] Figure 4.Interactions of eight rice OSK proteins with representative F-box proteins were determined using yeast two-hybrid analysis. To generate prey (AD-fusion) and bait (BD-fusion) constructs, we fused full-length OSK and F-box proteins with the GAL4 activation domain and GAL4 DNA binding-domain, respectively. The constructs were tested with both combinations. Positive AD-X and DB-X interacting clones were examined for self-activation. Each co-transformation was plated onto a nutritionally selective plate. X-gal assays was used. Strong interacting clones and weak interacting clones produced a dark blue and a light blue colour, respectively, whereas non-interacting clones remained white. We observed self-activation for OSK4, OSK12 and OSK15 in bait (BD-fusion) constructs. Most interactions were observed with the FBX (02g0260200) F-box protein with both combinations.

Concerning the F-box proteins, four belonging to the FBA, FBD, FBT and FBDUF subfamilies did not display any detectable interaction under our experimental conditions, even after 24 h of incubation at 37°C during the X-gal assays (Table [1](#DSS034TB1){ref-type="table"}). To verify that the negative interactions were not merely due to a lack of protein production by the yeast, we examined the expression of OSK and F-box proteins fused to the Gal4 DNA-binding domain in yeast by western blotting with the Gal4 monoclonal antibody. We observed the expression of fusion proteins in 26 OSK (Fig. [5](#DSS034F5){ref-type="fig"}). However, no fusion proteins for OSK5, OSK6, OSK9 or OSK30 were detected. For all F-box fusion proteins, the presence of a fusion protein in yeast cells was confirmed by western blotting (Fig. [5](#DSS034F5){ref-type="fig"}). Therefore, we considered that the negative interactions observed with some of the OSK and F-box proteins reflected the genuine behaviour of these proteins in Y2H, rather than a technical artefact due to the absence of interactors. Figure 5.Yeast two-hybrid interactions between 30 OSK proteins and 9 F-box proteins. Immunoblot analysis of OSK and F-box proteins fused to the Gal4 DNA-binding domain. We observed the expression of fusion proteins for 26 OSK and all the F-box proteins tested.

4.. Discussion {#s4}
==============

Comprehensive analyses of the SKP1 protein family in *C. elegans* demonstrated that the 21 *SKP1-related* genes displayed various interaction capabilities with different F-box proteins, with SKR1 being the most prone to interact *in vitro*.^[@DSS034C16]^ In plants, similar comprehensive analyses performed to date have only concerned the model plant *A. thaliana*.^[@DSS034C8],[@DSS034C13],[@DSS034C18]^ In contrast, although it is clear that all sequenced plant genomes contain several *SKP1-like* genes, no systematic analysis of their binding capabilities has been performed so far. We, therefore, decided to carry out a comprehensive study in rice, a monocot model.

4.1.. OSK1 and OSK20 belong to a class of SKP1 genes that contain one intron in a conserved position {#s4a}
----------------------------------------------------------------------------------------------------

Phylogenetic studies have suggested that all *Arabidopsis* and rice *SKP1* genes derived from a single ancestral gene.^[@DSS034C14]^ This hypothesis was supported by the findings of Kong et al.^[@DSS034C17]^ who further suggested that *SKP1* genes could be classified as either type Ia, with one intron and two exons, type Ib that are intronless and type II that contain several introns. They suggested that type Ib could have derived from type Ia by retroposition. Their study also stated that the position of the single intron could vary between *SKP1* genes, but some of them have a conserved position. Interestingly, Kong et al.^[@DSS034C17]^ showed that *ASK* and *OSK* genes with a conserved intron occupy basal positions in phylogenetic trees, whereas intronless genes often form terminal clades. To extend their study, we examined the genomic organization of *SKP1* genes in the moss *P. patens* and in 16 monocot and eudicot genomes and defined 4 subclasses of *SKP1* genes, among which 1 subclass corresponds to *SKP1* genes with 1 intron at a conserved position and contains the rice OSK1 and OSK20, suggesting orthology relationships between these genes. By means of a detailed analysis of certain animal, insect and plant genomes, Henricson et al. suggested that genuine orthologous genes tend to have more conserved intron positions than non-orthologous genes.^[@DSS034C29]^ In contrast, the majority (140/288) of the plant *SKP1* genes were intronless, suggesting an active retroposition phenomenon.

4.2.. OSK1 and OSK20 belong to a subclass of highly expressed SKP1 genes {#s4b}
------------------------------------------------------------------------

Our EST survey indicated that *OSK1* and *OSK20* are the most widely represented genes in public EST databases, ([Supplementary Table S6](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dss034/-/DC1)). These results agreed with Kong et al.\'s general finding that animal and plant members of this gene family are not uniformly represented by ESTs in the databases, indicating varied degrees of expression.^[@DSS034C14]^ In particular, they showed that 63 (96.9%) of the 65 significantly slowly evolving members have ESTs, whereas 89 (93.7%) of the 95 moderately and rapidly evolving members of animals and plant species did not have ESTs.^[@DSS034C14]^ During the present study, our comprehensive comparison of the large collection of microarray data in rice (i.e. Genevestigator platform^[@DSS034C23]^) clearly indicated that rice *SKP1* genes exhibited an expression profile that was heterogeneous in terms of tissues, conditions and overall intensity. This was in complete agreement with the reports by Takahashi et al. and Kong et al. in *Arabidopsis*.^[@DSS034C14],[@DSS034C18]^ Moreover, in all species, where sufficiently large and accessible data were available (*A. thaliana*, rice and *P.* *patens*), *SKP1-like* genes containing single conserved intron (*ASK1* and *ASK2* in *A. thaliana*, *OSK1* and *OSK20* in rice; PP00028G00760, PP00007G01690 and PP00009G01570 in *P. patens*) exhibited broad and strong levels of expression when compared with the other *SKP1-like* genes, suggesting their involvement in various physiological processes, even though other members of the *SKP1* gene family (intronless or containing non-conserved introns) could also be strongly expressed under some conditions.

4.3.. Yeast two-hybrid analysis: OSK proteins interact specifically with F-box proteins {#s4c}
---------------------------------------------------------------------------------------

The yeast two-hybrid matrix method involved a subset of 9 F-box and 30 OSK proteins and uncovered selective and distinctive interactions between the OSK proteins. This result strongly suggests that a combination of OSK proteins with F-box proteins produces diverse substrate selectivity. This has already been shown in many studies.^[@DSS034C8],[@DSS034C16],[@DSS034C18]^ It was pointed out that in *C.s elegans*, SKP1 proteins (SKR) displayed diverse patterns of interaction with F-box proteins.^[@DSS034C16]^ In *A. thaliana*, some ASK proteins (e.g. ASK1, ASK2, ASK11 and ASK12) were able to interact with a broad spectrum of F-box proteins, whereas others only interacted with a few types of proteins.^[@DSS034C8],[@DSS034C13],[@DSS034C18]^ However, some ASK proteins cannot interact with any F-box proteins.^[@DSS034C18]^ Likewise, here, we detected no interaction between 22 of the OSK proteins and F-box proteins tested, which could indicate that these interactions may require additional partners and/or the Y2H technique is not appropriate for the detection of interactions between these proteins. Alternatively, these F-box proteins could be involved in protein complexes other than the SCF, as suggested by Hermand.^[@DSS034C10]^ The presence of a large number of F-box proteins in *O. sativa* implies that a plethora of SCF complexes (which recognize a broad array of substrates) are possible. Yeast two-hybrid analysis showed that several putative F-box proteins interacted with one or more members of the *A. thaliana* SKP1-like (ASK) family.^[@DSS034C9]^ In fact, our study revealed that OSK1 is not the only one partner of GID2. The Gomi studies reported that GID2 preferentially interacted with OsSKP15 (OSK1).^[@DSS034C30]^ Our results may, therefore, indicate that GID2 is a component of the SCF complex, not only through its interaction with OSK1 but also through its interaction with other OSK members (OSK13, OSK20 and OSK25). Interestingly, we observed that the majority of interactions were observed with the (Os02g0260200 = LOC_Os02g15950) F-box protein that belongs to the FBX subgroup. This gene is homologous to---and belongs to---the same orthology group as *Arabidopsis* gene At3g61590 that has been shown to interact with all, but two of the ASK tested.^[@DSS034C18]^ This result may suggest conservation in these genes between rice and *Arabidopsis* at the level of interaction capabilities.

4.4.. Comparison of key amino acid sequences between *Oryza* OSK proteins and the human Skp1 protein {#s4d}
----------------------------------------------------------------------------------------------------

Apart from some specific interactions, we noted that the majority of the positive interactions observed involved OSK1 or OSK20. In this respect, they resembled Skr1 and Skr2 in *C. elegans*,^[@DSS034C16]^ ASK1 and ASK2 and possibly ASK11 that have been found to be implicated in most positive interactions with F-box proteins in *A. thaliana*.^[@DSS034C8],[@DSS034C18]^ It has been suggested that these non-specific interacting SKP1 proteins should be named the 'master components' of SCF complexes.^[@DSS034C8]^ Kong et al.^[@DSS034C14]^ and Risseeuw et al.^[@DSS034C8]^ also noted that these proteins shared the majority of the 26 amino acids that have been shown to contact the human SKP2 F-box protein.^[@DSS034C31],[@DSS034C32]^ In this study, we found that OSK1 and OSK20 shared, respectively, 23 and 24 of the 26 key amino acids with Hs-SKP1 ([Supplementary Fig. S1](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dss034/-/DC1)).

4.5.. Conclusion {#s4e}
----------------

The plant SKP1 genes could be split into different subfamilies, among which one contains presumably ancestral members from which the other *SKP1-like* genes have evolved within each species.^[@DSS034C17]^ From a compilation of publicly available data, results from previous studies and the Y2H results described in this study, we can suggest that: (i) typical members of this subclass contain two exons, the first exon being of variable length and the second exon being 174 bp (58 amino acids) long, with one intron in a conserved position, (ii) members of this subclass are widely and strongly expressed throughout the whole plant and (iii) they are able to interact with the majority of F-box proteins and may, therefore, participate in the formation of most of the SCF complexes found in plant cells. Based on these criteria, we suggest that rice *OSK1* and *OSK20* are likely to be functionally equivalent to *Arabidopsis ASK1* and *ASK2* genes, and we propose functional orthologues for 15 other plants ([Supplementary Table S4](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dss034/-/DC1)).

Supplementary data {#s5}
==================

[Supplementary data](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dss034/-/DC1) are available at [www.dnaresearch.oxfordjournals.org](www.dnaresearch.oxfordjournals.org).
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[^1]: Summary of the results of the 540 interactions. Plus (+) and minus (−) indicate positive and negative interaction, respectively. Italics (+) indicates that interaction was detected in both combinations. Bold (**+**) indicates that interaction was detected in only one combination. ND, not determined.
